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ARTICLE

Pharmacogenetics in Practice: Estimating the Clinical 
Actionability of Pharmacogenetic Testing in Perioperative 
and Ambulatory Settings

D. Max Smith1,2, Beth N. Peshkin2, T. Blaise Springfield2, Ryan P. Brown1, Elizabeth Hwang1, Susanna Kmiecik3, Richard Shapiro4, 
Zayd Eldadah5, Conor Lundergan6, Joel McAlduff1, Bonnie Levin1 and Sandra M. Swain1,2,*

Most literature describing pharmacogenetic implementations are within academic medical centers and use single-gene 
tests. Our objective was to describe the results and lessons learned from a multisite pharmacogenetic pilot that utilized 
panel-based testing in academic and nonacademic settings. This was a retrospective analysis of 667 patients from a pilot 
in 4 perioperative and 5 outpatient cardiology clinics. Recommendations related to 12 genes and 65 drugs were classified 
as actionable or not actionable. They were ascertained from Clinical Pharmacogenetics Implementation Consortium (CPIC) 
guidelines and US Food and Drug Administration (FDA) labeling. Patients displayed a high prevalence of actionable results 
(88%, 99%) and use of medications (28%, 46%) with FDA or CPIC recommendations, respectively. Sixteen percent of patients 
had an actionable result for a current medication per CPIC compared with 5% per FDA labeling. A systematic approach by a 
health system may be beneficial given the quantity and diversity of patients affected.

Guidelines from the Clinical Pharmacogenetics Imple
mentation Consortium (CPIC) facilitate the translation of 
pharmacogenetic results to prescribing decisions in clinical 
practice.1 As of September 2019, the CPIC has published 
guidelines for 19 genes and 47 drugs.2 In addition to CPIC 
guidelines, pharmacogenetic data are available from numer
ous sources including the US Food and Drug Administration 
(FDA) labeling, the Pharmacogenomics Knowledgebase 
(PharmGKB), and the Dutch Pharmacogenetics Working 
Group (DPWG).3,4 As of August 2019, PharmGKB noted that 
37 of the 47 (79%) drugs with CPIC guidelines have descrip
tions of druggene relationships in the FDA labeling.5

Despite recent advances, fewer health systems have 
clinically implemented pharmacogenetics than initially 
projected.6,7 A number of barriers have been identified, in
cluding the lack of uptake in clinical guidelines.8 Several 
institutions, often at academic medical centers, have 
overcome these barriers and clinical implementations are 
underway.9–11 These institutions contribute to expanding ev
idence supporting clinical utility of pharmacogenetics and 
provide lessons learned, which can facilitate additional clin
ical implementations.12–15

Many institutions have started with cardiology, largely in 
the inpatient setting, when establishing a pharmacogenetic 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
✔ Most patients possess at least one potentially action
able result.
WHAT QUESTION DID THIS STUDY ADDRESS?
✔ What is the clinical relevance of panelbased test
ing using 12 genes with Clinical Pharmacogenetics 
Implementation Consortium (CPIC) guidelines in outpa
tient cardiology or perioperative clinics?
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
✔ One in six patients tested in an outpatient cardiol
ogy clinic or perioperative clinic possessed an action
able result per CPIC for a medication that was currently 

prescribed. That number changed to 1 in 20 patients if 
using pharmacogenetic recommendations in the US Food 
and Drug Administration label.
HOW MIGHT THIS CHANGE CLINICAL PHARMA
COLOGY OR TRANSLATIONAL SCIENCE?
✔ This study provides further evidence that panelbased 
testing is a reasonable approach; however, panelbased 
testing can be accompanied by considerations (e.g., 
source of pharmacogenetic recommendations) that 
should be taken seriously. Future studies assessing the 
change in medication therapy related to this intervention 
are needed.
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program.11 Cardiology services are a reasonable target for 
pharmacogenetic implementations as CPIC guidelines and 
FDA labeling provide pharmacogenetic recommendations for 
multiple cardiac medications (e.g., clopidogrel and warfarin). 
Likewise, CPIC guidelines for medications used for conditions 
important in the perioperative setting (e.g., pain management, 
nausea/vomiting, and identification of malignant hyperthermia 
susceptibility (MHS)) are available. The perioperative setting 
exposes patients to a high volume of new medications in a 
condensed period. Furthermore, the planned nature of elective 
procedures represents a feasible opportunity to incorporate 
preemptive pharmacogenetic testing into a clinical workflow.

In an effort to expand the uptake of CPIC guidelines and 
to make pharmacogenetics more generalizable to patient care, 
there is a need to expand clinical implementation efforts to 
community and academic centers, particularly when multiple 
pharmacogenes are tested simultaneously (i.e.,  panelbased 
testing). Our objective is to describe the results and lessons 
learned from a large multisite pilot in academic and non
academic settings within one regional health system in the 
WashingtonBaltimore metropolitan area, MedStar Health. We 
also examine how the use of pharmacogenetic data can be ap
plied in clinical specialties using either CPIC or FDA guidance.

MATERIALS AND METHODS
Design
We formed an internal governing body, the MedStar Health 
Pharmacogenomics (PGx) Steering Committee, which has 
met monthly since May 2017. It aims to operationalize phar
macogenetic testing across MedStar Health, emphasizing 
improved outcomes, research opportunities, and education. 
Membership includes physician leadership from specialties 
relevant to where pharmacogenetics may be applied (e.g., 
primary care and anesthesiology), pharmacists, nursing, an 
education specialist, the Chief Medical Information Officer, 
a genetic counselor, a representative from a payor, legal, an 
ethicist, human factors research specialists, the MedStar 
Health Research Institute, and regulatory compliance.

We report the results of a retrospective analysis of a 
deidentified data set from a clinical pharmacogenetics pilot. 
Patients were approached and offered pharmacogenetic 
testing in perioperative (n  =  4) and outpatient cardiology 
(n = 5) clinics. In addition to clinical evidence, physician de
mand was a principle driver in selection of clinical sites and 
specialties for initial deployment.

Study population
Patients were adults who received clinical pharmacoge
netic testing in a multisite (n = 9) pilot over a 4month period 
(December 2017–April 2018). Patients were approached at 
their provider’s discretion with no formal inclusion/exclu
sion criteria. Patients provided written informed consent 
for this clinical pharmacogenetic test. Although there is no 
consensus about whether the use of a clinical pharmacog
enetic panel warrants obtaining written informed consent,16 
the MedStar Health PGx Steering Committee decided that 
written informed consent for this test would help set ap
propriate patient expectations and ensure that patients 
received education about the potential benefits, limitations, 
and risks of the testing.

Pharmacogenetic testing
A buccal sample was collected from patients and mailed to a 
commercial laboratory to perform targeted nextgeneration 
sequencing on 41 genes (Table S1). For cytochrome P450 
family 2 subfamily D member 6 (CYP2D6), a PCRbased assay 
assessed copy number variation. The polymerase chain re
action assay was able to detect which allele was duplicated 
but not the number of duplications. Samples were processed 
in accordance with College of American Pathologists (CAP)
accredited, Clinical Laboratory Improvement Amendments 
(CLIA)certified laboratory procedures.  Among 41 genes 
on the panel, 12 genes (i.e., calcium voltagegated chan
nel subunit alpha1 S (CACNA1S), cytochrome P450 family 2 
subfamily B member 6 (CYP2B6), cytochrome P450 family 2 
subfamily C member 19 (CYP2C19), cytochrome P450 family 
2 subfamily C member 9 (CYP2C9), CYP2D6, cytochrome 
P450 family 3 subfamily A member 5 (CYP3A5), dihydro
pyrimidine dehydrogenase (DPYD), interferon lambda 3 
(IFNL3), solute carrier organic anion transporter family mem
ber 1B1 (SLCO1B1), ryanodine receptor 1 (RYR1), thiopurine 
Smethyltransferase (TPMT), and vitamin K epoxide reduc
tase complex subunit 1 (VKORC1)) have published CPIC 
guidelines available.17–31

Reporting of results
For select genes (i.e., CYP2C19, CYP2C9, CYP2D6, CYP3A4, 
CYP3A5, DPYD, and TPMT), the laboratory translated geno
type data to star alleles and phenotypes. These results were 
available as discrete, structured data in a PGx tab within the 
electronic health record (EHR). Additionally, results for the full 
panel were reported as a PDF available in the PGx tab and on 
the laboratory portal. Patients and the ordering provider had 
access to results on the laboratory portal.

Phenotype assignment and definition of actionable 
results
For the purposes of this report, all genetic results were 
translated (by author D.M.S.) to phenotypes in alignment 
with CPIC guidelines. CYP2D6 phenotype translation is a 
dynamic area.32 The CPIC recently completed the CYP2D6 
Genotype to Phenotype Standardization Project, which 
proposes several changes to CYP2D6 phenotype transla
tion.33 Analyses within this report were conducted using the 
new activity score definitions and phenotype assignments.

The definition of an actionable result aimed to take the 
perspective of a practicing clinician making a prescrib
ing decision for an adult patient. Thus, phenotypes with 
a recommended change in prescribing (i.e., dose or drug 
selection) were defined as actionable results. However, this 
definition did not account for clinical factors outside of the 
drug and genotype. Other factors (e.g., indication, dose, 
and drug interactions) may have a significant role in how 
or whether pharmacogenetic results are applied, but are 
beyond the scope of this article. The assessment of rec
ommendations at the level of a druggenephenotype trio 
instead of a druggene pair facilitates identification of dif
ferences in recommendations at the phenotype level. For 
example, codeineCYP2D6 is an actionable druggene pair 
per the CPIC and the FDA. However, codeineCYP2D6 
ultrarapid metabolizer (UM) is actionable per the CPIC and 
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the FDA, whereas codeineCYP2D6poor metabolizer is 
only actionable per CPIC.

Recommendations were collected from CPIC guidelines 
and FDA labeling and classified as actionable or not action
able for each druggenephenotype trio (Tables S2S5).17–31,34  
Drugs were included if a CPIC guideline or FDA labeling had 
a recommendation or comment related to a gene of interest. 
The 12 genes of interest (i.e., CACNA1S, CYP2B6, CYP2C19, 
CYP2C9, CYP2D6, CYP3A5, DPYD, IFNL3, SLCO1B1, 
RYR1, TPMT, and VKORC1) were selected as they were on 
the test used in this pilot and have CPIC guidelines. The FDA 
recommendations were collected via Drug Label Annotations 
in PharmGKB then confirmed using the FDA labeling.5 It 
was not required for a drug to have a CPIC guideline. If a 
recommendation lacked a specific prescribing action, the 
pharmacogenetic result was considered “not actionable.” 
Evaluation of CPIC guidelines and FDA labeling for 12 genes 
led to categorization of actionability for 65 drugs, which in
cluded 72 druggene pairs and 130 druggenephenotype 
trios (Tables S2S5). This method ology identified 86 and 29 
druggenephenotype trios with an actionable recommenda
tion from the CPIC and FDA, respectively. Figure 1 displays 
how each druggenephenotype trio was categorized per the 
CPIC and FDA.

Secondary findings
Secondary findings were defined as genes (i) in which vari
ants may be associated with nondruginduced phenotypic 
manifestations, (ii) recommended by the American College 
of Medical Genetics and Genomics (ACMG) for return of 
secondary findings,35 or (iii) in which variants are associ
ated with potential reproductive implications. Genes were 
assessed for secondary findings via an evidence review of 
multiple sources (e.g., ACMG, ClinGen, CPIC, FDA labeling, 

Online Mendelian Inheritance in Man, and primary literature 
though PubMed searches). We evaluated each of the genes 
tested (Table S1) for secondary findings. The genes that 
may possess secondary findings were CACNA1S, DPYD, 
F2, F5, and RYR1. Table S6 displays the specific results 
classified as secondary findings and the rationale for each 
gene. The goal of this process was to connect patients 
with secondary findings to experts trained to manage such 
results. Upon secondary finding detection, the ordering 
provider was notified via the EHR. Providers were also 
given education, conversation guides, contact information 
for a genetic counselor, and descriptive letters that may be 
forwarded to their patient.

Data collection, outcome measures, and data analysis
Data in the deidentified data set included age, sex, race, clinic 
site, provider, list of medications in the EHR at the time of sam
ple collection, and genetic results. Outcomes included the 
prevalence of actionable results (e.g., CYP2D6UM), current 
use of a medication with CPIC guideline or FDA recommen
dations (e.g., codeine), and actionable results relevant to a 
current medication (e.g., codeine prescribed to a patient with 
CYP2D6UM). Physician champions and program leaders 
anecdotally provided lessons learned at the MedStar Health 
PGx Steering Committee meeting. Descriptive statistics were 
used. This study was deemed to be exempt from review by the 
Georgetown University Institutional Review Board.

Normality was assessed through histograms and the 
ShapiroWilks test with P  <  0.05 translating to nonnormal 
distribution. One sample ttest and Wilcoxon were used 
to assess continuous variables normally and not normally 
distributed, respectively. Chisquare and Fisher’s exact test 
were used for categorical variables, as appropriate.

RESULTS
Patient characteristics
Six hundred sixtyeight patients underwent clinical phar
macogenetic testing via a panel consisting of 41 genes. 
One patient had incomplete genetic results (58 of 169 sin
gle nucleotide polymorphisms) and is excluded from the 
remainder of this report. Patient characteristics are pre
sented in Table 1. Most patients (64%) received testing 
at outpatient cardiology clinics. Compared with patients 
tested at perioperative clinics, these patients tended to be 
older (P < 0.0001) and male (P < 0.01). Selfreported race 
differed between clinics (P < 0.0001).

Figure 1 Classification of actionable recommendations for each 
druggenephenotype trio. Both represent druggenepheno type 
trios that had actionable recommendations from both organiza
tions. The area covered by either Clinical Pharmacogenetics 
Implementation Consortium (CPIC) or US Food and Drug Admin
istration (FDA) represents a druggenephenotype trio with an 
actionable recommendation only provided by that organization. 
Neither represents druggenephenotype trios that had a comment 
by at least one of the resources but was not deemed actionable by 
either organization.

N = 71
N = 15 N = 14

N = 30

Table 1 Patient characteristics

Characteristic
All patients
N = 667 (%)

Perioperative
N = 237 (%)

Cardiology
N = 430 (%)

Age, yearsa 70 (61, 76) 67 (57, 74) 72 (63, 78)

Sex, female 339 (51) 138 (58) 201 (47)

Race      

White 424 (64) 123 (52) 301 (70)

African American 87 (13) 45 (19) 42 (10)

Other 67 (10) 20 (8) 47 (11)

Unknown 89 (13) 49 (21) 40 (9)

aData for age are displayed as median (interquartile range1, interquartile 
range3).
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Actionability per CPIC and the FDA
Phenotype results for the genes tested with CPIC guide
lines are shown in Table 2, with genotype and diplotype 
data available in Table S7. Actionable results per CPIC 
guidelines were present in 660 of 667 patients (99%) 
tested. In other words, 99% of patients had a result that 
may be actionable if exposed to a relevant medication. Of 
the 12 genes with CPIC guidelines tested, patients had a 
mean of 3.4 ± 1.4 and a maximum of 8 actionable results 
per the CPIC. The genes most commonly found to be ac
tionable per the CPIC were CYP2C19 (395, 59%), VKORC1 
(393, 59%), CYP2B6 (312, 47%), and CYP2D6 (301, 45%). 
Actionable results per FDA labeling were present in 584 of 
667 patients (88%) tested, which was lower than CPIC rec
ommendations (P < 0.0001). Of the same 12 genes reported 
above, patients had a mean of 1.5 ± 0.90 and a maximum 
of 4 actionable results per the FDA. The genes most com
monly found to be actionable per the FDA were VKORC1 
(393, 59%), CYP2D6 (301, 45%), CYP2C9 (233, 35%), and 
TPMT (60, 9%).

The remaining analyses report on the 600 patients for 
which medication data were available. The prevalence of 
actionable results, current use of an affected medication, 
and actionable results relevant to a current medication are 
shown per CPIC guidelines and FDA labeling (Table 3), CPIC 
(Figure 2), and the FDA (Figure 3). The most commonly 
prescribed medications with CPIC guidelines included 
clopidogrel (102, 17%), simvastatin (62, 10%), warfarin (31, 
5%), tramadol (28, 5%), and escitalopram (27, 5%). The 
most commonly prescribed medications with FDA pharma
cogenetic recommendations were clopidogrel (102, 17%), 
warfarin (31, 5%), tramadol (28, 5%), celecoxib (8, 1%), and 
citalopram (7, 1%). Thirteen of 23 medications with action
able pharmacogenetic information in the FDA label were not 
prescribed. Per CPIC guidelines, clopidogrelCYP2C19 (37, 
6%), warfarinVKORC1/CYP2C9 (22, 4%), and simvasta
tinSLCO1B1 (18, 3%) were the most prevalent actionable 
druggene pairs. Per FDA labeling, warfarinVKORC1/
CYP2C9 (22, 4%) and clopidogrelCYP2C19 (5, 1%) were 
the only actionable druggene pairs.

Table 3 Prevalence of actionability using CPIC guidelines and FDA 
labeling

Medication data available (N = 600) CPIC FDA

Genetic resultsa

Actionable result (i.e., may be actionable 
now or in the future)

595 523

No actionable result 5 77

Current prescriptions affected by PGx results

Current prescription for an affected drugb 277 168

Recommendation: modify usec 97 27

Recommendation: regular use 180 141

No current prescription for an affected drug 323 432

CPIC, Clinical Pharmacogenetics Implementation Consortium; FDA, US 
Food and Drug Administration; PGx, pharmacogenomics.
aMore patients possessed an actionable results per CPIC than the FDA 
(P < 0.0001). bMore patients possessed a prescription for drug affected by 
PGx results per CPIC than the FDA (P < 0.0001). cMore patients possessed 
an actionable result for a medication they were currently prescribed per 
CPIC than the FDA (P < 0.0001).

Table 2 Phenotype results for genes with CPIC guidelines

Gene Phenotypea No. (%)

CACNA1S Uncertain susceptibilityc 667 (100)

CYP2B6 Normal metabolism 355 (53)

Intermediate metabolism 247 (37)

Poor metabolism 65 (10)

CYP2C19 Ultrarapid metabolism 27 (4)

Rapid metabolism 160 (24)

Normal metabolism 269 (40)

Intermediate metabolism 186 (29)

Poor metabolism 22 (3)

Uncertain functiond 2 (< 1)

Unknown resulte 1 (< 1)

CYP2C9 Normal metabolism 434 (65)

Intermediate metabolism 218 (33)

Poor metabolism 15 (2)

CYP2D6 Ultrarapid metabolism 19 (3)

Normal to ultrarapid metabolism 12 (2)

Normal metabolism 351 (53)

Intermediate metabolism 248 (37)

Poor metabolism 34 (5)

Unknown resulte 3 (< 1)

CYP3A5 Normal metabolism 46 (7)

Intermediate metabolism 125 (19)

Poor metabolism 496 (74)

DPYD Normal metabolism 659 (99)

Intermediate metabolism 8 (1)

IFNL3 Favorable response 306 (46)

Unfavorable response 360 (54)

Unknown resulte 1 (< 1)

RYR1 Malignant hyperthermia susceptible 5 (1)

Uncertain susceptibilityc 662 (99)

SLCO1B1 Normal function 495 (74)

Decreased function 158 (24)

Poor function 14 (2)

TPMT Normal metabolism 607 (91)

Intermediate metabolism 59 (9)

Poor metabolism 1 (< 1)

VKORC1b Wild type 274 (41)

Heterozygous 305 (46)

Homozygous 88 (13)

CPIC, Clinical Pharmacogenetics Implementation Consortium. CACNA1S, 
calcium voltagegated channel subunit alpha1 S; CYP2B6, cytochrome 
P450 family 2 subfamily B member 6; CYP2C19, cytochrome P450 family 
2 subfamily C member 19; CYP2C9, cytochrome P450 family 2 subfamily 
C member 9; CYP2D6, cytochrome P450 family 2 subfamily D member 6; 
CYP3A5, cytochrome P450 family 3 subfamily A member 5; DPYD, dihydro
pyrimidine dehydrogenase; IFNL3, interferon lambda 3; SLCO1B1, solute 
carrier organic anion transporter family member 1B1; RYR1, ryanodine re
ceptor 1; TPMT, thiopurine Smethyltransferase; VKORC1, vitamin K epox
ide reductase complex subunit 1.
Data may not total 100% due to rounding.
aCPIC guidelines were used as the standard for phenotype nomenclature. 
bRather than a phenotype, CPIC recommendations related to VKORC1 are 
for a specific single nucleotide polymorphism (c.1639G  >  A, rs9923231).24 

 cUncertain susceptibility: The test did not find the patient to possess malignant 
hyperthermia susceptibility but the results do not eliminate the chance that a 
patient is susceptible to malignant hyperthermia. Patients may be susceptible 
to malignant hyperthermia due to genetic variants not tested or for nongenetic 
reasons. dUncertain function: Definitive allele function has not been assigned by 
CPIC. eUnknown result: The laboratory did not generate a result.
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Figure 2 Actionable results per Clinical Pharmacogenetics Implementation Consortium (CPIC) by medication. Percentages are 
calculated using N = 600. Exact numbers are available in the supplement (Table S8).
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modify (i.e., actionable now)
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Figure 3 Actionable results per US Food and Drug Administration (FDA) by medication. Percentages are calculated using N = 600. 
Exact numbers are available in the supplement (Table S9).
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Actionable results per CPIC by clinic site
Orders for at least one medication with CPIC guidelines 
were found for 195 of 399 patients (49%) compared with 
82 of 201 patients (41%) tested at cardiology and perioper
ative clinics, respectively. The most commonly prescribed 
medications with CPIC guidelines for patients tested at car
diology clinics were clopidogrel (90, 23%), simvastatin (43, 
11%), warfarin (28, 7%), tramadol (18, 5%), and escitalopram 
(17, 4%). The most commonly prescribed medications with 
CPIC guidelines for patients tested at perioperative clinics 
were simvastatin (19, 9%), ondansetron (14, 7%), clopido
grel (12, 6%), tramadol (10, 5%), and escitalopram (10, 5%).

The most prevalent actionable druggene pairs for patients 
tested at cardiology clinics were clopidogrelCYP2C19 (31, 
8%), warfarinVKORC1/CYP2C9 (19, 5%), and simvastatin 
SLCO1B1 (9, 2%). The most prevalent actionable druggene  
pairs for patients tested at perioperative clinics were  
simvastatinSLCO1B1 (9, 5%), clopidogrelCYP2C19 (6, 3%),  
and warfarinVKORC1/CYP2C9 (3, 1%).

Secondary findings
Fortynine secondary findings were identified in 48 of 600 
patients (7%). One patient had two secondary findings. 
These secondary findings were associated with variants in: 
F5 (21, 3%), F2 (20, 3%), RYR1 (5, 1%), and DPYD (3, < 1%). 
No patient was found to carry a variant in CACNA1S.

Lessons learned
Several lessons learned were identified by the MedStar 
Health PGx Steering Committee. First, expanded clinical 
expertise is necessary to guide ordering providers in the 
interpretation and application of pharmacogenetic data. To 
address this need, inpatient and outpatient pharmacists 
were identified and trained to serve as PGx consultants 
to clinical providers. These volunteers completed a PGx 
certificate from a national pharmacy organization, receive 
weekly “PGx Pearls” email updates, and meet monthly for 
continued education and other purposes. Moving forward, 
PGx consultants will serve as an expert resource for clin
ical consults, routine questions, and education delivery. A 
PGx subcommittee of the MedStar Health Pharmacy and 
Therapeutics committee was also formed. This subcom
mittee uses an evidencebased approach in the clinical 
application of pharmacogenetics and influences the cre
ation of related inhouse professional educational materials.

As commonly seen in practice,36 laboratory phenotype 
translation differed from the CPIC in some instances. The 
translation from diplotype to phenotype differed between 
the laboratory and the CPIC for select CYP2C9 alleles (i.e., 
CYP2C9*5, *6, *8, and *11) and CYP2C19 diplotypes (e.g., 
CYP2C19*2/*17). CYP2C19 diplotypes with a loss of function 
allele and an increased function allele are currently condi
tionally classified as intermediate metabolizers (IMs) per the 
CPIC whereas the laboratory took a different approach of 
classifying these results as IM/normal metabolizers.25

Nineteen patients possessed at least one of the 
CYP2C9*5, *6, *8, and *11 alleles, which were tested but 
not initially translated to star alleles, and, thus, the labora
tory classified these results as CYP2C9*1. Upon translating 
these results per CPIC guidelines, the CYP2C9 phenotype 

was changed from normal metabolizer to IM for 18 patients 
and from IM to poor metabolizer for 1 patient. This issue pre
dominantly affected patients who did not identify as white 
(15 of 19 (79%)). The rapidly growing literature is challenging 
to maintain alignment with CPIC guidelines as the CYP2C9 
discrepancy is a result of a CPIC guideline update earlier in 
that year.24

Providers were receptive to the pilot as measured by test 
order volume (668 tests ordered in ~ 4 months); however, 
they reported translation of results to clinical practice to be 
a significant challenge. Although the laboratorygenerated 
PDF delivered genotypeguided recommendations, provid
ers noted multiple limitations (e.g., difficulty finding relevant 
recommendations and report length). Providers expressed 
preference for electronic clinical decision support alerts at 
the time of medication order entry and access to pharma
cist consultations. Due to the timing of an EHR software 
upgrade, patients tested at two sites did not initially have 
results available in the EHR. Accessing results for these pa
tients via the laboratory’s patient portal was feasible for the 
ordering provider but was a barrier to access for other cli
nicians. Moving forward, all implementation sites will be on 
the same version of the EHR.

The last lesson learned was that many providers did not 
expect to be contacted about secondary findings. However, 
they appreciated the clinical support to aid in connecting 
patients to the appropriate expertise (e.g., hematologists 
and clinical geneticist). Providers relayed several comments, 
including: a need for more patient and clinician education 
regarding secondary findings at the time of testing and a 
preference for pharmacogenetic testing that excludes genes 
with known secondary findings.

DISCUSSION

This pilot identified 88–99% patients to have an actionable 
result, depending on the source used for the calculation. 
These data are similar to those reported by others.37–40 
Patients are likely to carry a potentially actionable result with 
clinical utility depending on exposure to a medication rele
vant to that result. This pilot identified 16% of patients who 
had an actionable result per CPIC guidelines for a cur
rently prescribed medication. This is a snapshot in time, 
which likely underestimates the total utility of these results. 
However, just 5% of patients possessed an actionable re
sult per FDA labeling for a currently prescribed medication.

The FDA has a similar but different scope than the CPIC 
for clinical pharmacogenetic recommendations, which may 
partially explain the differences in clinical pharmacoge
netic recommendations between the two. CPIC guidelines 
are written under the assumption that the genetic test re
sult is known.1 The FDA evaluates multiple variables when 
considering drug label modifications that address pharma
cogenetic information.41 In the case of warfarin, leading 
experts in pharmacogenetics at the FDA stated one concern 
was related to “being overly prescriptive in labeling” due to 
clinician access to an analytically validated assay. Access to 
testing is certainly a valid concern, but many health systems 
have access to an analytically validated (CAP/CLIAcertified) 
laboratory.42 Interestingly, warfarin is one example where 
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CPIC and FDA recommendations are largely similar, al
though there are subtle yet clinically relevant differences 
(e.g., additional CYP2C9 alleles in CPIC guideline, dosing 
algorithm in CPIC guideline vs. dosing table in FDA label).

One example of discordance between CPIC guidelines 
and FDA labeling are recommendations related to RYR1 and 
CACNA1S for identification of MHS with select anesthetics 
(Tables S2S5). CPIC states these agents are relatively con
traindicated in persons with MHS,22 whereas FDA labeling 
for several anesthetics states that they are “contraindicated 
in individuals with known, or suspected, genetic predisposi
tion to malignant hyperthermia.” Notably, the label does not 
name genes associated with MHS and, thus, was classified 
as “not actionable” for the purposes of this study.

Differences between recommendations from the CPIC and 
the FDA have increased importance. A laboratory market
ing a panelbased pharmacogenetic test recently received 
a warning letter from the FDA that cited several concerns, 
including the clinical validity of the test.43 For example, the 
FDA stated that two drugs (i.e., escitalopramCYP2C19 and 
sertralineCYP2C19) had an unestablished relationship be
tween genotype and drug response, which contradicts CPIC 
guidelines. The CPIC has since responded to the FDA and 
indicated CPIC recommendations are analogous to adjust
ments routinely made based upon pharmacokinetic data.44 
Although a lack of randomized controlled trials is often cited 
as a barrier to implementation of pharmacogenetics, ran
domized controlled trials may not be feasible or ethical.45 
In practice, clinical pharmacogenetics is the utilization of 
additional evidence in clinical decisions that would have 
otherwise been left to clinical judgment. Differences be
tween CPIC and FDA recommendations are an example of 
a problem that health systems could address through an in
terdisciplinary committee, like our PGx Steering Committee, 
which can provide guidance on the interpretation of pharma
cogenetic data into the practice of medicine.

Numerous institutions have implemented pharmaco
genetics, some of which are part of the Implementing 
GeNomics In pracTicE (IGNITE) Network. The IGNITE 
Pharmacogenetics Working Group has reported strate
gies for two of the most widely tested pharmacogenes, 
CYP2C19 and CYP2D6.9,11 Our pilot differs from other phar
macogenomic implementations, with the largest difference 
being the target population. Another difference was our 
identification and management of secondary findings. The 
ACMG published a list of 59 medically actionable highrisk 
genes, which recommends that laboratories offer to return 
these results, regardless of the indication for whole exome/
genome sequencing.22,35 RYR1 and CACNA1S are currently 
the only genes with CPIC guidelines, which are also on this 
ACMG list. Secondary findings associated with RYR1 and 
CACNA1S may have broad implications. For instance, iden
tifying a carrier of a pathogenic variant in RYR1 or CACNA1S 
may result in military discharge or ineligibility as the US 
Department of Defense defines MHS as a disqualifying 
condition.46 Including this information in a consent prior to 
testing could give patients the option to opt out of testing 
for MHS. This process speaks to a bigger issue where our 
program is unique, as we are addressing concerns regard
ing genetic discrimination in subsequent consent. Our PGx 

Steering Committee will discuss the inclusion of RYR1 and 
CACNA1S before testing resumes.

During this pilot, any positive finding for a variant reported 
for RYR1 and CACNA1S was treated as diagnostic for MHS, 
and, thus, avoidance of triggering agents (i.e., succinylcho
line and potent volatile anesthetics) was recommended. An 
important consideration related to the preoperative iden
tification of patients with MHS is that it causes workflow 
changes in the operating room. Because extensive clean
ing of equipment is required prior to anesthetizing a patient 
with MHS, it is optimal for an affected patient to be the first 
case of the day. Additionally, although the anesthesiologists 
were the physician champions actively seeking pharmacog
enetic testing to guide perioperative care, anesthesiologists 
often had to rely on the orthopedic surgeon to order the test. 
Reasons for this collaboration included constraints due to 
test turnaround time, workflow, and reimbursement (e.g., 
test ordered inpatient vs. outpatient). Followup with anes
thesiologists after surgery is also less common for patients 
and, thus, having orthopedic surgeons order pharmaco
genetic testing helped to maximize continuity of care and 
appropriate followup. Our study had several strengths: (i) 
we provided pharmacogenetic testing to outpatient car
diology and perioperative clinics, which are uncommonly 
reported in the literature, (ii) this was a large pilot, with 668 
patients undergoing clinical pharmacogenetic testing, (iii) we 
comprehensively reviewed and categorized the actionability 
of all CPIC guidelines and FDA labels for medications af
fected by the 12 genes of interest from the perspective of a 
prescribing clinician, (iv) we coordinated an interdisciplinary 
team possessing the expertise to address pharmacogenetic 
implications as well as secondary findings, and (v) we provide 
a measure of clinical relevance by assessing the number of 
patients with actionable results relevant to a current medica
tion using both CPIC guideline and FDA recommendations.

There are several limitations to our work. (i) Our analy
ses were limited to 12 genes with CPIC guidelines that were 
included on the panel and, therefore, do not account for 
other druggene pairs with a high level of evidence (e.g., 
abacavirHLA-B). (ii) The number of patients prescribed a 
medication with CPIC guidelines (46%) or FDA recommen
dations (28%) is likely an underestimate as it only includes 
medications prescribed at the time pharmacogenetic test
ing was ordered. It does not include medications being 
considered by prescribers (e.g., patients at perioperative 
clinics were tested to guide pharmacotherapy decisions at 
a future procedure). (iii) Insurance reimbursement and the 
cost of testing is a widely cited barrier to implementation 
of pharmacogenetic testing; however, we did not have re
imbursement data available.47 (iv) This was a retrospective 
cohort created from a deidentified data set; therefore, we 
could not assess clinical outcomes or changes in medica
tion. However, we hypothesize results were underutilized 
due to reliance on laboratorygenerated PDF reports to drive 
changes in clinical practice and that we currently lack, but 
are building clinical decision support and a clinical consult 
service. Anecdotally, the majority of providers indicated they 
could not easily use the PDF report to make changes in care, 
whereas the minority of providers found the PDF report use
ful. (v) The definition of actionable results used in this paper 
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does not account for clinical factors outside of drug and 
genotype. Inclusion of other factors (e.g., patient history, in
dication, and result availability at initiation of therapy) would 
provide a more global assessment of whether the result is 
actionable.

Given the diversity of medications with pharmacogenetic 
recommendations in the FDA labeling and CPIC guide
lines, a systematic approach across a health system may 
be beneficial. Testing for 12 genes with CPIC recommen
dations found 16% of patients had an actionable result for 
a current medication compared with just 5% of patients per 
FDA labeling. The prevalence of actionable results (88–99%) 
and use of medications (28–46%) with FDA or CPIC recom
mendations was high. Future studies will assess the clinical 
utility and outcomes of pharmacogenetics.

Supporting Information. Supplementary information accompa-
nies this paper on the Clinical and Translational Science website (www.
cts-journal.com).

Table S1. Genes tested.
Table S2. CPIC guidelines and clinical actionability.
Table S3. FDA labeling and clinical actionability.
Table S4. FDA labeling and translation to actionability.
Table S5. Pharmacogenetic evidence for each drug-gene pair.
Table S6. Secondary findings (SFs).
Table S7. Diplotype results.
Table S8. Actionable results per CPIC by medication.
Table S9. Actionable results per FDA by medication.
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